Improvement of the Compression-ignition Engine Indicators Using Dual Fuel (Diesel and Liquefied Petroleum Gas)  by Rimkus, Alfredas et al.
 Procedia Engineering  134 ( 2016 )  30 – 39 
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of Transbaltica 2015
doi: 10.1016/j.proeng.2016.01.035 
ScienceDirect
Available online at www.sciencedirect.com
WK,QWHUQDWLRQDO6FLHQWLILF&RQIHUHQFH7UDQVEDOWLFD
,PSURYHPHQWRIWKH&RPSUHVVLRQ,JQLWLRQ(QJLQH,QGLFDWRUV8VLQJ
'XDO)XHO'LHVHODQG/LTXHILHG3HWUROHXP*DV
$OIUHGDV5LPNXVDE0RGHVWDV%HULR]DD0LQGDXJDV0HODLNDDE
5RPXDOGDV-XNQHOHYLþLXVD=HQRQDV%RJGDQRYLþLXVD
aVilnius Gediminas Technical University, J. Basanaviþiaus g. 28, LT-03224 Vilnius, Lithuania 
bVilnius College of Technologies and Design, Antakalnio g. 54, LT-10303 Vilnius, Lithuania  
$EVWUDFW
7KHLQIOXHQFHRIDGGLWLRQDOVXSSOLHVRIOLTXHILHGSHWUROHXPJDV/3*EOHQGVLVLQYHVWLJDWHGRQWKHHQHUJHWLFDQGHQYLURQPHQWDO
LQGLFDWRUV RI WKH FRPSUHVVLRQLJQLWLRQ &, HQJLQH RSHUDWLQJ GLHVHO GXDO IXHO %\ SHUIRUPDQFH RI WKH WHVWV DQG QXPHULFDO
VLPXODWLRQVXVLQJWKH$9/%2267SURJUDPLWZDVIRXQGWKDWDQDGGLWLRQDOVXSSO\RI/3*DIIHFWVWKHFRPEXVWLRQSURFHVVRI
FRPEXVWLEOHPL[WXUHDQGUHGXFHVWKHWKHUPDOHIILFLHQF\RIWKHHQJLQH7KHFKDQJHRIWKHFRPSRVLWLRQRIWKHFRPEXVWLEOHPL[WXUH
LQFUHDVHVLQFRPSOHWHFRPEXVWLRQSURGXFWVWKDWLVFRQFHQWUDWLRQRIFDUERQPRQR[LGH&2K\GURFDUERQV+&DQGVPRNHLQWKH
H[KDXVWJDVHVEXWUHGXFHVQLWURJHQR[LGHV12[DQGFDUERQGLR[LGH&2HPLVVLRQV8VLQJWKHGXDOIXHODQGE\RSWLPL]LQJWKH
GLHVHODGYDQFHGLQMHFWLRQWLPLQJWKHHQJLQHRSHUDWLQJHIILFLHQF\LVFORVHWRGLHVHOIXHOWKHFRQFHQWUDWLRQRILQFRPSOHWHFRPEXVWLRQ
SURGXFWGHFUHDVHVEXWH[FHHGVWKHHPLVVLRQVSURGXFHGE\WKHXVHRISXUHGLHVHO

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHRUJDQL]LQJFRPPLWWHHRI7UDQVEDOWLFD
Keywords:GXDOIXHOOLTXHILHGSHWUROHXPJDV/3*&,HQJLQHHQHUJ\DQGHFRORJLFDOLQGLFDWRUVDGYDQFHGLQMHFWLRQWLPLQJ
,QWURGXFWLRQ
7KHHFRV\VWHPRIRXUSODQHWLVVWURQJO\LQIOXHQFHGE\PRELOHVRXUFHVRISROOXWLRQHPLVVLRQV7KHWUDQVSRUWDQG
HVSHFLDOO\FDUVDUHFXUUHQWO\WKHODUJHVWVRXUFHRIWKHHQYLURQPHQWDOSROOXWLRQ$ORWRIGLIIHUHQWDFWLYLWLHVDQGUHVHDUFK


&RUUHVSRQGLQJDXWKRU
E-mail address:DOIUHGDVULPNXV#YJWXOW
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of Transbaltica 2015
31 Alfredas Rimkus et al. /  Procedia Engineering  134 ( 2016 )  30 – 39 
ZRUNVKDVEHHQSHUIRUPHGWRJHWDVOLWWOHDVSRVVLEOHWKHSROOXWLRQRILQWHUQDOFRPEXVWLRQHQJLQH,&(7KHPDLQ
SROOXWDQWV FDXVHGE\ FRQYHQWLRQDO K\GURFDUERQ IXHO LV SDUWLDOO\ EXUQHG DQGXQEXUQHGK\GURFDUERQV +& FDUERQ
PRQR[LGH&2QLWURJHQR[LGHV12[DQGSDUWLFXOHVKDUPIXOWRWKHKHDOWK5DNRSRXORVHWDO.
,&(FRPEXVWLRQSURGXFWVPDLQO\&2΍&2DORQJZLWKRWKHUJUHHQKRXVHJDVHVOLNHPHWKDQHDQGQLWURXVR[LGHDUH
UHVSRQVLEOHIRUWKHLQFUHDVHRIJOREDOWHPSHUDWXUH/DWD1RZDGD\VFDUPDQXIDFWXUHUVIDFHGZLWKWKHJURZLQJ
FKDOOHQJHLQEHWZHHQRIDKLJKHUSRZHUEHWWHUIXHOHFRQRP\DQGUHTXLUHPHQWVRIORZHUSROOXWDQWHPLVVLRQV6WDQ

(QJLQHVDUHSURYLGHGZLWKDQH[KDXVWJDV UHFLUFXODWLRQ (*5GHYLFHDYDULHW\RIFDWDO\VWVSDUWLFXODWH ILOWHUV
7KHVH PHDVXUHV UHGXFH HPLVVLRQV RFFXUUHG DIWHU WKH FRPEXVWLRQ SURFHVV RI WKH IXHO EXW LQ RUGHU WR PHHW WKH
LQFUHDVLQJO\VWULQJHQWH[KDXVWHPLVVLRQVWDQGDUGVGXULQJWKHFRPEXVWLRQPXVWEHUHGXFHGWKHSROOXWLRQWKURXJKWKH
XVHRIDOWHUQDWLYHIXHOVRUWKHLUPL[WXUHV/DXULQDLWLVHWDO
(XURSHDQ&RPPLVVLRQ&RPPXQLFDWHRQD(XURSHDQVWUDWHJ\IRUWKHGHYHORSPHQWRIDOWHUQDWLYHIXHOHYDOXDWHVWKH
PDLQDOWHUQDWLYHIXHOVWKDWFDQUHSODFHRLORUKHOSWRUHGXFHHPLVVLRQVRIYHKLFOHV,WZDVVXEPLWWHGWKHOLVWRIDOWHUQDWLYH
IXHOV HOHFWULFLW\ K\GURJHQ ELRIXHOV FRPSUHVVHG QDWXUDO JDV &1* OLTXHILHG SHWUROHXP JDV /3* (XURSHDQ
3DUOLDPHQW
,Q/LWKXDQLDPRVWZLGHO\XVHGJDVHRXVIXHOLV/3*7KHXVHRI/3*LVGHWHUPLQHGE\WKHSRSXODULW\RIWKHUHODWLYHO\
ORZSULFHRIJDVZKLFKLVDOPRVWWZLFHOHVVFRPSDUHGWRWKHGLHVHORUSHWUROZLGHHQRXJKJDVHTXLSPHQWLQVWDOODWLRQ
VHUYLFHQHWZRUNDQGH[WHQVLYHQHWZRUNRIILOOLQJVWDWLRQV.DWLQDVHWDO
7KHDLPRI(XURSHDQ&RPPLVVLRQIRUWKHWUDQVSRUWXSWRWKH\HDULVWRGHFUHDVHWKHJUHHQKRXVHJDVHPLVVLRQV
E\,IDFFRUGLQJWRWKHEURDGVFDOHJOREDODJUHHPHQWRWKHUGHYHORSHGFRXQWULHVFRPPLWWKHPVHOYHVWRFRPSDUDEOH
SOXVGHYHORSLQJFRXQWULHVFRQWULEXWHDFFRUGLQJWRWKHLUPHDQVWRUHGXFHLWE\(QHUJ\FRQVXPSWLRQPXVWEH
PRUHHIILFLHQWDVZHOO(XURSH«
9DULRXVJDVHV/3*&1*/1*ELRJDVK\GURPHWKDQHFDQEHXVHGLQWKH&,HQJLQHDVDQDOWHUQDWLYHWRWKHGLHVHO
IXHOE\UHSODFLQJSDUWRIWKHGLHVHO7\SLFDOO\WKHVHJDVHRXVIXHOVDUHXVHGDVDVHFRQGDU\DQGGLHVHOLVDVVLJQHGDVD
SULPDU\ IXHOZKLFK LV UHTXLUHG WR VWDUW WKHEXUQLQJSURFHVV ,QMHFWHGGLHVHO UHVXOWLQJ IURPKLJK WHPSHUDWXUHGXULQJ
FRPSUHVVLRQLJQLWHVGXHWRLWVKLJKFHWDQHQXPEHUDQGWKXVLJQLWHVWKHVHFRQGDU\IXHO/DWD
/3*KDVWKHIROORZLQJDGYDQWDJHVRYHUWUDGLWLRQDOIXHOVJDVQRWGLOXWHWKHHQJLQHRLOVRLWFDQRSHUDWHORQJHU
3HWUROHXPJDVKDVDKLJKRFWDQHUDWLQJGHWHUPLQHGE\JRRGDQWLNQRFNSURSHUWLHV/3*KDVKLJKHUFDORULILFYDOXHVR
LWFDQDFKLHYHDKLJKHUHQJLQHSRZHUDQGORZHUIXHOFRQVXPSWLRQ&KDLFKDQ
3HWUROHXPJDVKDVDOPRVWQRVXOIXULPSXULWLHV7KHUHGXFWLRQRIVXOIXUGLR[LGHLQHQJLQHLVDQLPSRUWDQWDGYDQWDJH
EHFDXVHLWDFWLYDWHVWKHFRUURVLRQ6RLQWKLVDVSHFWWKHHQJLQHOLIHVKRXOGEHORQJHULIXVHWKHGLHVHOZLWKJDV6DOHK

/3*JDVFRPSDUHGWRGLHVHORUSHWUROLVORZHU&+HOHPHQWDOUDWLRWKHUHIRUHGXULQJFRPEXVWLRQLWZLOOSURGXFH
OHVV&2΍ HPLVVLRQV/3*HPLWV  OHVV&2΍ FRPSDULQJ WRSHWURO %RVFK7KHPDLQ GLHVHO DQG/3*JDV
SURSHUWLHVDUHJLYHQLQWKH7DEOH
7DEOH)XHOSURSHUWLHV-XþDV/DWD%RVFK
3URSHUWLHV
/3*
'LHVHO
3URSDQH %XWDQH
&KHPLFDOIRUPXOD &+ &+ &+±&+
&RPSRVLWLRQE\ZHLJKW &±+ &±+ &±+
/RZHUKHDWLQJYDOXH0-NJ   
'HQVLW\RIOLTXLGDW&NJO   
$XWRLJQLWLRQWHPSHUDWXUH&   
%RLOLQJWHPSHUDWXUH& ± ± ±
6WRLFKLRPHWULF$)UDWLRNJNJ   
2FWDQHQXPEHU   
&HWDQHQXPEHU ±± ±
)ODPHVSHHGFPV ± ±
32   Alfredas Rimkus et al. /  Procedia Engineering  134 ( 2016 )  30 – 39 
6FLHQWLVW6DOHKE\H[DPLQLQJWKHHIILFLHQWDQGHFRORJLFDOLQGLFDWRUVRIWKHGLHVHOHQJLQHKDVIRXQGWKDWWKH
PD[LPXPHIIHFWLYHUDQJHRIWKHHQJLQHHIILFLHQF\ZDVREWDLQHGZKHQDPL[WXUHFRQVLVWVRIGLHVHODQG/3*
7KHQWKHWHVWVZHUHFDUULHGRXWZLWKGLIIHUHQWFRPSRVLWLRQRI/3*DQGLWZDVIRXQGWKDWWKHSURSDQHUHGXFHV&2
HPLVVLRQVEXWLQFUHDVHV12[HPLVVLRQV7KHUHIRUHLWZDVDVVXPHGWKDWWKHEHVWIXHOPL[WXUHLVPDGHXSRIGLHVHO
DQG/3*ZKHQ/3*LVSURSDQHDQGEXWDQH:LWKVXFKDIXHOPL[WXUHDWHQJLQHORDG12[DQG
62΍ HPLVVLRQVKDYH IDOOHQE\DQGFRPSDUHGZLWKFRQYHQWLRQDOGLHVHOEXW&2KDV LQFUHDVHGE\
6DOHK
,QDGGLWLRQE\VXSSO\RI/3*DWWKHPD[LPXPORDGRIWKHHQJLQHLWFDQEHLQFUHDVHGHIIHFWLYHHIILFLHQF\E\DQDYHUDJH
RIDQGUHGXFHGWKHVPRNHXSWRFRPSDUHGZLWKXVHRIWKHSXUHGLHVHO9LMD\DEDODQHWDO
7KHSUREOHPZLWKXVHRI/3*JDVLQD&,HQJLQHLVDSRRUIXHOFRPEXVWLRQDWORZHQJLQHORDGV/DWD$W
RIHQJLQHORDGXVLQJWKH/3*DQGGLHVHOPL[WXUHFRQFHQWUDWLRQRIH[KDXVWJDVHVLQFUHDVHV+&XSWRWLPHV
DQG&2XSWRWLPHVLQUHODWLRQWRSXUHGLHVHO:KHQWKHORDGLVLQFUHDVHGWRWKHGLIIHUHQFHRI+&UHPDLQV
WLPHVDQG&29LMD\DEDODQHWDO
7KHREMHFWLYHRIWKHVWXG\±LPSURYHPHQWRIWKHHQYLURQPHQWDODQGSHUIRUPDQFHLQGLFDWRUVRIWKH&,HQJLQHZLWK
GLIIHUHQWPL[WXUHVRIGLHVHODQG/3*E\DGMXVWPHQWRIWKHGLHVHOLQMHFWLRQWLPLQJ
5HVHDUFKPHWKRGRORJ\DQGHTXLSPHQW
7HVWVKDYHEHHQSHUIRUPHGDWWKH,QWHUQDO&RPEXVWLRQ(QJLQHVODERUDWRU\RI'HSDUWPHQWRI$XWRPRELOH7UDQVSRUW
)DFXOW\RI7UDQVSRUW(QJLQHHULQJRI9*787',=W\SH&,HQJLQHZLWKHOHFWURQLFFRQWUROOHG%26&+93
GLVWULEXWLRQW\SHIXHOSXPSDQGWXUERFKDUJHUZDVXVHGIRUWHVWV(*5V\VWHPZDVGLVFRQQHFWHGGXULQJWHVWV7KHWHVW
HQJLQHSDUDPHWHUVVKRZQLQ7DEOH
7DEOH3DUDPHWHUVRIWHVWHGHQJLQH7',=
3DUDPHWHU 9DOXH
'LVSODFHPHQWFP 
1XPEHURIF\OLQGHUV 
&RPSUHVVLRQUDWLR 
3RZHUN: PLQ±
7RUTXH1P ±PLQ±
%RUHPP 
6WURNHPP 

'XDOIXHOZDVXVHGGXULQJWKHH[SHULPHQWGLHVHODQG/3*JDVZKLFKDUHPDGHIURPSURSDQH&+DQGEXWDQH
&+LQWKHUDWLRRI*DVZDVVXSSOLHGRXWRIO03DJDVF\OLQGHUWKURXJKWKHORZSUHVVXUHUHGXFHU
PEDUWKHJDVWKURXJKSXWRINJKWRWKHLQWDNHPDQLIROGEHIRUHWKHWXUERFKDUJHU)LJ
7HVWVZHUHFDUULHGRXWZLWK WKHHQJLQHDWn PLQ·ï UDWHGVSHHGDQGEUDNH WRUTXH ORDGMB 1P7KLV
FRUUHVSRQGVURXJKO\WRWKHRSHUDWLRQPRGHRIWKHFDU$XGL%HQJLQHHYHQO\RQDURDGDWWKHILIWKJHDUDQGVSHHGRI
NPK
([SHULPHQWVZHUHFDUULHGRXWE\DGYDQFHPHQWRIWKHGLHVHOLQMHFWLRQVWDUWHYHU\GHJUHHVRIFUDQNVKDIWURWDWLRQ
&$ĬIURPWREHIRUHWRSGHDGFHQWHU%7'&,WZDVXVHGIXHOZLWKDPDVVUDWLRRIGLHVHODQG/3*
ODEHOOHGDV'LQWKHILJXUHVGLHVHODQG/3*ODEHOOHGDV'RI/3*LQWKHILJXUHVGLHVHODQG
/3*ODEHOOHGDV'RIWKH/3*LQWKHILJXUHVGLHVHODQG/3*ODEHOOHGDV'RIWKH/3*
LQWKHILJXUHVGLHVHODQG/3*ODEHOOHGDV'LQWKH/3*ILJXUHV
/3*JDVHVZHUHVXSSOLHGLQWRHQJLQHF\OLQGHUWRJHWKHUZLWKDLUWKURXJKLQWDNHPDQLIROG,QF\OLQGHUDLUDQG/3*
JDVPL[WXUHPL[HGZLWKLQMHFWHGGLHVHOIXHOFRPEXVWLEOHPL[WXUHZDVSUHSDUHG'XDOIXHOPL[WXUHORZHUKHDWLQJYDOXH
ZDVFDOFXODWHGE\DSSO\LQJDGGLWLYLW\SULQFLSOH
33 Alfredas Rimkus et al. /  Procedia Engineering  134 ( 2016 )  30 – 39 



LPGmLPGLDmDL
mixL
CHCHH    
ZKHUHHL.D ±GLHVHO ORZHU KHDWLQJ YDOXH 0-NJ HL.LPG ±/3* ORZHU KHDWLQJ YDOXH 0-NJCm.D±GLHVHO PDVV
FRQFHQWUDWLRQLQPL[WXUH Cm.LPG±/3*PDVVFRQFHQWUDWLRQLQPL[WXUH


)LJ7KHVFKHPHRIHQJLQHWHVWLQJHTXLSPHQW
±7',GLHVHOHQJLQH±HQJLQHORDGSODWH±FRQQHFWLQJVKDIW±WHPSHUDWXUHPHWHU±SUHVVXUHPHWHU±LQWDNHPDQLIROG
±WXUERFKDUJHU±H[KDXVWPDQLIROG±VPRNHDQDO\]HU±H[KDXVWJDVDQDO\]HU±IXHOWDQN±IXHOFRQVXPSWLRQFDOFXODWLRQ
HTXLSPHQW±KLJKSUHVVXUHIXHOSXPS±LQMHFWLRQWLPLQJVHQVRU±F\OLQGHUSUHVVXUHVHQVRU±SUHVVXUHUHGXFHU±/3*JDVEDJ
±JDVIORZFRQWUROYDOYH±F\OLQGHUSUHVVXUHUHFRUGLQJHTXLSPHQW±IXHOLQMHFWLRQPRPHQWFRQWUROHTXLSPHQW±IXHOLQMHFWLRQ
PRPHQWUHFRUGLQJHTXLSPHQW±FUDQNVKDIWSRVLWLRQVHQVRU±HQJLQHWRUTXHDQGURWDWLRQDOVSHHGUHFRUGLQJHTXLSPHQW±DLUFRROHU
'LHVHOPDVVFRQFHQWUDWLRQLQIXHOPL[WXUH
LPGcDc
Dc
Dm mm
mC





   
ZKHUHmc.D±GLHVHOPDVVDPRXQWLQMHFWHGLQWRF\OLQGHUGXULQJRQHZRUNF\FOHJmc.LPG±/3*PDVVDPRXQWLQMHFWHG
LQWRF\OLQGHUGXULQJRQHZRUNF\FOHJ
/3*PDVVFRQFHQWUDWLRQLQIXHOPL[WXUH
LPGcDc
LPGc
LPGm mm
mC





   
'LHVHOPDVVLQMHFWHGLQWRF\OLQGHUGXULQJRQHZRUNF\FOHJ
in
Bm DDc 
 



W   
ZKHUHBD±KRXUO\GLHVHO FRQVXPSWLRQV NJK Ĳ ± HQJLQH VWURNHQXPEHU n ± HQJLQH FUDQNVKDIW DQJOHPLQ± i ±
F\OLQGHUQXPEHULQHQJLQH
/3*PDVVHQWHUHGLQWRF\OLQGHUGXULQJRQHZRUNF\FOHJ
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Bm LPGLPGc 
 
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W
  
ZKHUHBLPG±KRXUO\/3*FRQVXPSWLRQVNJK
7KH LQVWDOODWLRQ RI WKH ODERUDWRU\ HTXLSPHQW VKRZQ LQ )LJXUH  7KH HQJLQH ORDGMB DQG FUDQNVKDIW VSHHG LV
GHWHUPLQHGZLWKD VWDQGɄ,7KH WRUTXHPHDVXUHPHQWHUURU LV1P'LHVHOKRXUO\FRQVXPSWLRQBfZDV
PHDVXUHGE\PHDVXUH6.ZLWKHOHFWURQLFVFDOHDQGVWRSZDWFK/3*JDVE\JDVPHWHU.**7KH
DFFXUDF\RIWKHKRXUO\IXHOFRQVXPSWLRQPHDVXUHPHQWZDV3ROOXWDQWVLQWKHH[KDXVWJDVZHUHPHDVXUHGXVLQJ
$9/',&20JDV&2&2+&12[DQDO\]HUDQGVPRNH±$9/'L6PRNH
&\OLQGHUSUHVVXUHpLVIL[HGE\SLH]RVHQVRU**LQWHJUDWHGLQWKHSUHKHDWLQJSOXJDQGUHFRUGHGXVLQJ$9/
'L7(67'30HTXLSPHQW3UHVVXUHPHDVXUHPHQWDFFXUDF\±7KHSUHVVXUHLQWKHLQWDNHPDQLIROGRIHQJLQH
LVPHDVXUHGZLWKSUHVVXUHJDXJH'HOWD2+0+'6HQVRURIWKLVGHYLFH73%$,LVPRXQWHGDJDLQVWWKH
LQWDNHPDQLIROG0HDVXUHPHQW HUURU RI 03D 7KH WHPSHUDWXUH RI H[KDXVWPDQLIROGTm LV GHWHUPLQHG E\
LQIUDUHGWKHUPRPHWHU(PVLWHVW,5ZLWKDSUHFLVLRQRI&
'XULQJ WKHH[SHULPHQW WKHHOHFWURPDJQHWLFFRQWUROYDOYHRIGLHVHO LQMHFWLRQ WLPLQJZDVGLVFRQQHFWHG IURPWKH
HQJLQH(&8DQGZDVFRQWUROOHGE\DFXUUHQWRIWKHVHSDUDWHLPSXOVHJHQHUDWRU7KHIXHOLQMHFWLRQWLPLQJLVFRQWUROOHG
E\ZLGWKRILPSXOVHZKLFKGHSHQGLQJRQWKHLQMHFWLRQWLPLQJLVPRGXODWHGE\LPSXOVHJHQHUDWRUIURPDQG
7KHLQMHFWLRQWLPLQJSHULRGLV7 V(QJLQH(&8QRWUHFRUGVWKHIDLOXUHRIWKHHOHFWURQLFFRQWUROV\VWHPEHFDXVH
WKH VHSDUDWH LQMHFWLRQ WLPLQJ FRQWURO YDOYH LV FRQQHFWHG WR (&8 7KH DFWXDO VWDUW RI WKH IXHO LQMHFWLRQ WLPLQJ LV
UHJLVWHUHGXVLQJDSLH]RVHQVRUPRXQWHGRQWKHWXEHRIIXHOVXSSO\WRWKHLQMHFWRU7KHDFWXDOVWDUWRILQMHFWLRQWLPLQJ
ZDVUHFRUGHGZLWKDQ$9/'L6\VWHPGHYLFH
7KHFRPEXVWLRQV\QWKHVLVSURFHVVRIWKHWHVWHQJLQHFDUULHGRXWE\VLPXODWLRQVRIWZDUH$9/%22677KHSURJUDP
XVHG D WZR]RQH FRPEXVWLRQPRGHO 6WLHVFK HW DO $FFRUGLQJ WR WKH LQGLFDWRUV RI WKH WHVWHG IXHO DQ RSHQ
WKHUPRG\QDPLFV\VWHPKDVEHHQDQDO\]HGZKLFKH[FKDQJHWKHPDVVDQGHQHUJ\ZLWKRWKHUHQJLQHV\VWHPV,WPDNHV
SRVVLEOH WR IRUPDZRUNLQJF\FOHPRGHO VXEPRGHOSURFHVVHV VXFKDVJDVFKDQJHSURFHVVHVSUHVVXUHSURFHVVHV
FRPEXVWLRQDQGH[SDQVLRQSURFHVVHV
7KHLQWHQVLW\RIKHDWUHOHDVHGXULQJWKHRSHUDWLQJF\FOHLVGHWHUPLQHGE\XVLQJȼɢɛɟKHDWUHOHDVHIXQFWLRQ
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ZKHUH
Q
dQdx  Q±H[WUDFWHGDPRXQWRIKHDWGXULQJWKHRSHUDWLQJF\FOHĳ±FUDQNDQJOHmv±9LEH¶VFRPEXVWLRQ
SDUDPHWHUĳC±GXUDWLRQRIFRPEXVWLRQH[SUHVVHGLQFUDQNVKDIWURWDWLRQDQJOH
7KHEHJLQQLQJRIEXUQLQJLQWKHF\OLQGHUVWDUWRIFRPEXVWLRQĳGXUDWLRQĳCDQG9LEH¶VFRPEXVWLRQSDUDPHWHU
mvZDVGHWHUPLQHGE\VHWWLQJWKHHQJLQHRSHUDWLQJSDUDPHWHUVSUHVVXUHLQWKHF\OLQGHUGXULQJRIDQRSHUDWLQJF\FOH
WKHFRQVXPSWLRQRIWKHIXHODQGDLULQWKH$9/%2267VXESURJUDP%851
7KHH[SHULPHQWDOUHVXOWVDQGGLVFXVVLRQ
7KHFRPSDUHRIWKH%UDNH6SHFLILF)XHO&RQVXPSWLRQBSFC)LJDDQGHQJLQHHIILFLHQF\όe)LJEVKRZ
WKDWWKHORZHVWIXHOFRQVXPSWLRQBSFC JN:KDQGUHVSHFWLYHO\WKHODUJHVWόe LVREWDLQHGZKHQWKH
GLHVHOLQMHFWLRQEHJLQVDW±&$%7'&ZKHQHQJLQHUXQVGLHVHORQO\'XULQJWKHH[SHULPHQWLWZDVPHDVXUHG
WKDWDWn PLQ·ïDQGMB 1PWKHHQJLQH(&8GHWHUPLQHVĬa&$%7'&DQGWKHQBSFC JN:K
DQGόe 
:KHQWKHHQJLQHXVH'/3*PL[WXUHVLQRUGHUWRJHWWKHKLJKHVWBSFCDQGORZHVWόeĬPXVWEHDGYDQFHGXSWR
a&$ %7'& 7KH IXHO PL[WXUH FRQVLVWLQJ RI  /3* FRPSDUHG ZLWK ' DW Ĭ &$ %7'& WKH IXHO
FRQVXPSWLRQBSFC JN:KGHFUHDVHRQ8VLQJ WKH'/3*WKHEHVWHQJLQHHQHUJ\HIILFLHQF\
DFKLHYHGόe IRUIXHOPL[WXUHVEXWLWLVOHVVWKDQGLHVHOPRGH
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
)LJD%UDNH6SHFLILF)XHO&RQVXPSWLRQBSFCDQGEHQJLQHHIILFLHQF\ όeGHSHQGHQFHRQGLHVHOLQMHFWLRQVWDUWDQJOHĬ
7KHHIILFLHQF\RIGLHVHOLQMHFWLRQWLPLQJDIIHFWVWKHGXDOIXHOHQJLQHZLWKWKHIDFWWKDWJDV±DLUPL[WXUHLJQLWHV
HDUOLHUZKLFKLVOLNHO\EXUQVPRUHVORZO\EHFDXVHRIWKHUHVXOWLQJOHDQJDV±DLUPL[WXUH7KHEXUQLQJSURFHVVH[WHQGV
WR WKH ILQDOSKDVHRI FRPEXVWLRQ LIĬZDVQRW DGYDQFHG7KHQGHFUHDVHV WKHFRPEXVWLRQ WHPSHUDWXUH WKHKLJKHU
HQHUJ\DQGXQEXUQHGIXHOZHUHHPLWWHGLQWRWKHDWPRVSKHUHWKXVLQFUHDVLQJBSFCDQGGHFUHDVLQJ όe
7KHFRQFHQWUDWLRQRIH[KDXVWJDVHV&2)LJDDQG&2΍ )LJEFKDQJHVD OLWWOH LIUXQQLQJRQO\GLHVHODQG
FKDQJLQJĬIURP&$%7'&WR&$%7'&:KHQHQJLQHXVH/3*DQG'PL[WXUHV&2FRQFHQWUDWLRQLQFUHDVHV
VLJQLILFDQWO\DWWKHODWHLQMHFWLRQVWDUW7KHELJJHVWFKDQJHZDVQRWLFHGZKHQ'RI/3*IXHOZDVXVHG

 
)LJ'HSHQGHQFHRID&2DQGE&2FRQFHQWUDWLRQLQH[KDXVWJDVHVRQGLHVHOVWDUWLQMHFWLRQWLPHĬ
$WWKHFKDQJHRIĬIURP&$%7'&WR&$%7'&WKHFRQFHQWUDWLRQRI&2ZDVUHGXFHGIURPXSWR
±DQGWKHQVWDELOL]HG7KHDGYDQFHPHQWRILQMHFWLRQIURP&$WR&$%7'&LQFUHDVHV&2΍IURP
WR7KLVVXGGHQFKDQJHRI&2ZKHQHQJLQHXVHDGGLWLRQDOO\/3*H[SODLQHGE\WKHIDFWRI WKH
VXEVHTXHQWLQMHFWLRQRIGLHVHODQGORZHUFRPEXVWLRQWHPSHUDWXUHRIWKHPL[WXUHUHGXFHVWKHFRPEXVWLRQWHPSHUDWXUH
LQWKHF\OLQGHUV%\DGYDQFHPHQWRIWKHGLHVHOLQMHFWLRQVWDUWWKHWHPSHUDWXUHRIWKHFRPEXVWLEOHPL[WXUHLQFUHDVHV
WKXVLPSURYLQJWKHR[LGDWLRQUHDFWLRQDQGLWUHGXFHVWKHSURGXFWRILQFRPSOHWHFRPEXVWLRQ±WKHFRQFHQWUDWLRQRI&2
ZKHQ&2΍HPLVVLRQVLQFUHDVH7KHIXHOPL[WXUHRI'/3*DQGVHWRIĬ &$%7'&FRPSDUHGZLWK'
DQGHQJLQH(&8VHWRIĬ &$%7'&&2LQFUHDVHGIURPXSWRaWLPHVEXW&2GHFUHDVHGIURP
WR
&RQFHQWUDWLRQRI+&KDVORZYRODWLOLW\LIHQJLQHLVUXQQLQJVROHO\RQGLHVHODQGVPRNLQHVVUHGXFHVIURPWR
±DQG WKHQDIWHUVWDELOL]H)LJDZKHQDGYDQFHRI LQMHFWLRQĬZDVFKDQJHGIURP&$WR&$
%7'&8VLQJGXDOIXHOWKHELJJHVWLQFUHDVHRI+&DQGVPRNHZHUHUHFRUGHGZLWKDIXHOPL[WXUHKDYLQJDPD[LPXP
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FRQFHQWUDWLRQRIRI/3*7KHFRQFHQWUDWLRQRIWKHLQFRPSOHWHFRPEXVWLRQSURGXFWLQFUHDVHVVLJQLILFDQWO\EHFDXVH
/3*LVVORZLQJGRZQWKHVSHHGRIFRPEXVWLRQDQGGURSSLQJGRZQWKHFRPEXVWLRQWHPSHUDWXUH7KLVFDQEHSDUWO\
RIIVHWE\DGYDQFHPHQWRIGLHVHOLQMHFWLRQ7KHFRQFHQWUDWLRQRI+&DWĬ LVSSP%XWDGYDQFHPHQWRIGLHVHO
LQMHFWLRQWR&$%7'&+&GHFUHDVHVWRSSP±


)LJ'HSHQGHQFHRID+&FRQFHQWUDWLRQDQGEVPRNHOHYHOLQH[KDXVWJDVHVRQWKHVWDUWRIGLHVHOLQMHFWLRQDQJOHĬ
7KHVPRNLQHVVGHFUHDVHVIURPWR±ZLWKFKDQJHWKHĬIURP&$%7'&&$%7'&DQGWKHQ
VWDELOL]H)LJE6XFKGHFUHDVHRIDFRQFHQWUDWLRQRI+&DQGVPRNHZKHQHQJLQHUXQVRQDGXDO'/3*IXHODQG
DGYDQFHPHQWRIGLHVHO LQMHFWLRQ LV WKHUHVXOWRI WKHHDUOLHU/3*±DLUPL[WXUH LJQLWLRQ7KDWDOORZVEHWWHUEXUQRI
PL[WXUH DW KLJKHU FRPEXVWLRQ WHPSHUDWXUHV DQG ORQJHU GXUDWLRQ 7KH IXHOPL[WXUH RI '   /3* DQG VHW RI
Ĭ &$%7'& FRPSDUHGZLWK' DQG HQJLQH (&8 VHW RIĬ &$%7'&+& LQFUHDVHG IURP SSP WR
SSPaWLPHVVPRNHURVHIURPWRa
7KHFRQFHQWUDWLRQRI12[LQFUHDVHVVLJQLILFDQWO\LILQMHFWLRQĬZDVDGYDQFHGIURP&$WR&$%7'&7KH
12[FRQFHQWUDWLRQJURZVIURPSSPWRSSPaWLPHV)LJDZLWKGLHVHORQO\/3*JDVUHGXFHVWKH
12[FRQFHQWUDWLRQIURPWRWKURXJKRXWWKHLQYHVWLJDWHGUDQJHZKHQĬZDVDGYDQFHG7KHELJJHVWFKDQJH
LVREWDLQHGZKHQRIWKHGLHVHOLVUHSODFHGE\WKH/3*DQGZKHQLQMHFWLRQRIWKHGLHVHOZDVDGYDQFHGWKH12[
LQFUHDVHGIURPSSPWRSSPaWLPHV6XFKDVKDUSLQFUHDVHRIQLWURJHQR[LGHVLVEHFDXVHWKHLQFUHDVHRI
IXHOLJQLWLRQGHOD\SKDVHDQGWKHKLJKHUWHPSHUDWXUHDWWKHNLQHWLFFRPEXVWLRQSKDVH7KHIXHOPL[WXUHRI'
/3*DQGVHWRIĬ &$%7'&FRPSDUHGZLWK'DQGHQJLQH(&8VHWRIĬ &$%7'&WKH12[LQFUHDVHG
IURPSSPWRSSPaWLPHV


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
)LJ'HSHQGHQFHRID12[FRQFHQWUDWLRQEWHPSHUDWXUHRIH[KDXVWPDQLIROGDQGFSUHVVXUHRIWXUERFKDUJHURQWKHVWDUW
RIGLHVHOLQMHFWLRQDQJOHĬ
7KH WHPSHUDWXUHRIH[KDXVWPDQLIROGTm )LJERQ WKHFRQWUDU\ WR12[ LVJURZLQJZKHQGLHVHO LQMHFWLRQ LV
GHOD\HG7KLVLVH[SODLQHGE\WKHIDFWWKDWWKHFRPEXVWLRQSURFHVVH[WHQGVWRILQDOFRPEXVWLRQGLIIXVLRQSKDVHDQG
KRWWHUH[KDXVWJDVHVZLWKDKLJKHUSURSRUWLRQRIHQHUJ\ LVHPLWWHG LQWR WKHHQYLURQPHQW$GGLWLRQVXSSO\RI/3*
LQFUHDVHV WKH H[KDXVW JDV WHPSHUDWXUH EHFDXVH JDV EXUQV VORZHU ZKHQ GLHVHO LQMHFWLRQ VWDUWV HDUOLHU WKDQ
&$%7'&/3*UHGXFHVWKHH[KDXVWJDVWHPSHUDWXUHLIGHOD\WKHGLHVHOLQMHFWLRQEHFDXVHWKHJDVIDLOWRIXOO\
EXUQDVHYLGHQFHGE\WKHLQFUHDVHGFRQFHQWUDWLRQRI+&)LJD
(QJLQHZRUNF\FOHVLPXODWLRQXVLQJ$9/%2267VRIWZDUH
7KH RSHUDWLQJ SDUDPHWHUV UHFHLYHG GXULQJ WKH H[SHULPHQWZDV HQWHUHG LQWR WKH$9/%2267 VXESURJUDPPH
%851SUHVVXUHRIDQRSHUDWLQJF\FOHLQWKHF\OLQGHUFRQVXPSWLRQRIWKHDLUDQGIXHOVHWWKHEXUQLQJVWDUWLQWKH
HQJLQHF\OLQGHUĳFRPEXVWLRQGXUDWLRQĳCDQGWKH9LEH¶VFRPEXVWLRQSDUDPHWHUmv7DEOH
7DEOH7KHSHUIRUPDQFHLQGLFDWRUVRIDQHQJLQHHVWDEOLVKHGE\$9/%2267VRIWZDUH
,QGLFDWRUV
)XHO
' '/3* '/3* '/3* '/3*
6WDUWRIFRPEXVWLRQĳ&$DIWHU7'&     
&RPEXVWLRQGXUDWLRQĳC&$     
9LEH¶VFRPEXVWLRQSDUDPHWHUmv     

7KH5DWHRI+HDW5HOHDVHROHR)LJDWHPSHUDWXUHT)LJEDQGSUHVVXUHLQF\OLQGHUp)LJFZHUH
FDOFXODWHGXVLQJWKH9LEHGXDOLJQLWLRQFRPEXVWLRQPRGHORIWKH$9/%2267SURJUDPDQGVHWRILQGLFDWRUV
$QDO\VLV RI WKH FRPEXVWLRQ VWDUW VKRZV WKDW WKH ORQJHU LJQLWLRQ GHOD\ ZDV UHFHLYHG ZKHQ LQFUHDVLQJ WKH
FRQFHQWUDWLRQRI/3*7KLVLVH[SODLQHGE\DORZHUHQGRIFRPSUHVVLRQSUHVVXUHDQGWHPSHUDWXUH,QFUHDVLQJ/3*
FRQFHQWUDWLRQIURPWRWKHHQGRIFRPSUHVVLRQSUHVVXUHLVUHGXFHGIURPEDU WREDUDQGD
WHPSHUDWXUHIURP.WR.±7KHUHDVRQ±GHFUHDVHRIWKHSUHVVXUHRIWXUERFKDUJHUpTCIURPEDU
WREDU±)LJF
7KHLQFUHDVHRIWKH/3*FRQFHQWUDWLRQVKRUWHUWKHGXUDWLRQRIWKHGLHVHOLQMHFWLRQWKXVUHGXFLQJWKHOHQJWKRIWKH
FRPEXVWLRQ DQG H[KDXVW IORZ %HFDXVH RI DGGLWLRQ XVH RI /3* KHDW UHOHDVH UDWH LQFUHDVHG IURP -&$ WR
-&$ aEXWGXH WR WKHDERYH UHDVRQV WKHPD[LPXP WHPSHUDWXUH LQ WKHF\OLQGHU UHGXFHG IURPXS WR
.WR.±7KLVIDFWGHWHULRUDWHVWKHFRPEXVWLRQSURFHVVLQFUHDVHVWKHFRQFHQWUDWLRQRILQFRPSOHWH
FRPEXVWLRQSURGXFWV&2)LJD+&)LJDDQGWKHGHQVLW\RIVPRNH)LJEUHGXFHWKHOHYHORI12[)LJD
,QRUGHUWRLQFUHDVHWKHWHPSHUDWXUHRIFRPEXVWLRQDQGLPSURYHWKHFRPEXVWLRQSURFHVVVKRXOGEHDGYDQFHGWKHVWDUW
RIGLHVHOIXHOLQMHFWLRQ7KLVLVFRQILUPHGE\H[SHULPHQWDOUHVXOWV
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)LJ'HSHQGHQFHRIWKHD5DWHRI+HDW5HOHDVH52+5EWHPSHUDWXUHDQGFSUHVVXUHLQF\OLQGHURQWKHFRQFHQWUDWLRQRI/3*LQWKHIXHO
&RQFOXVLRQV
$IWHU WKH DQDO\VLV RI H[SHULPHQWDO UHVHDUFK DQG FRPEXVWLRQ V\QWKHVLV RI QXPHULFDO VLPXODWLRQ SURJUDP$9/
%2267RIWKH&,HQJLQHDWWKHDYHUDJHVSHHGORDGDQGXVLQJGLHVHODQG/3*'XHOIXHOPL[WXUHVLWZDVIRXQGWKDW
7RWDOPLQLPXPIXHOFRQVXPSWLRQBSFCLVDFKLHYHGE\XVLQJWKH'/3*IXHOPL[WXUH7KHPD[LPXP
HQJLQHHIILFLHQF\DFKLHYHGXVLQJWKH'/3*IXHOPL[WXUHE\DGYDQFLQJWKHGLHVHOIXHOLQMHFWLRQVWDUWĬ
FRPSDUHGZLWKWKHHQJLQH(&8SURYLGHG:LWKRXWFKDQJLQJRIĬWKHHQJLQHHQHUJ\LQGLFDWRUVGHWHULRUDWH
 ,QFUHDVLQJWKHPDVVFRQFHQWUDWLRQRI/3*DWIXHOPL[WXUHDERYHZKLOHZRUVHQLQJWKHFRPEXVWLRQSURFHVV
%6)&GHFUHDVHVDVWKHORZHUFDORULILFYDOXHRI/3*LVKLJKHUWKDQGLHVHOIXHODQGWKHHQJLQHHIILFLHQF\GRHV
QRWLQFUHDVHEHFDXVHWKHFRPEXVWLRQSURFHVVGHWHULRUDWHV%XWFRQVLGHULQJWKHORZHU/3*SULFHDQGXVHDKLJKHU
FRQFHQWUDWLRQRI/3*WKHJUHDWHUHFRQRPLFHIILFLHQF\ZDVDFKLHYHG
7KHDGGLWLRQDOVXSSO\RIWKH/3*GHFUHDVHVWKHF\FOLFLQMHFWLRQRIWKHGLHVHODQGLWVGXUDWLRQZKLFKUHGXFHVWKH
GXUDWLRQRIWKHFRPEXVWLRQWKHHQHUJ\RIWKHH[KDXVWJDVIORZDQGWKHSUHVVXUHRIWXUERFKDUJHU7KLVUHGXFHV
WKHPD[LPXPWHPSHUDWXUHLQWKHF\OLQGHULQFUHDVLQJWKHFRQFHQWUDWLRQRILQFRPSOHWHFRPEXVWLRQSURGXFWV&2
DQG+&LQWKHH[KDXVWJDVHVDQGVPRNH
7KHDGYDQFHPHQWRI WKHGLHVHO LQMHFWLRQ VWDUWĬ XS WR WKH HQHUJHWLFDOO\RSWLPDO OHYHO RI'/3*PL[WXUH
LQFUHDVHWKHFRQFHQWUDWLRQRI&2΍DQG12[DQGGHFUHDVHWKHFRQFHQWUDWLRQRI&2+&LQWKHH[KDXVWVDQGVPRNH
7KLV UHIOHFWV WKH LQFUHDVH RI FRPEXVWLRQ WHPSHUDWXUHV DQGPRUH FRPSOHWH FRPEXVWLRQ SURFHVV+RZHYHU D
FRPSOH[DVVHVVPHQWSURYLGHVWKDWHPLVVLRQVDUHKLJKHUWKDQWKHHQJLQHLVUXQQLQJRQGLHVHO
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